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The Marnoch heat engine (MHE) is a new type of power generation device that is under 
research and development at the University of Ontario Institute of Technology. In this 
thesis, the transient heat transfer behaviour of the source heat exchanger of the Marnoch 
heat engine is studied, and its operation for laminar and turbulent flows is modelled. The 
temperature variations of the working fluid, the heating fluid and the wall, are calculated. 
The temperature distribution of the fluids and the wall over the length of the heat 
exchanger is also calculated. It is found that the temperature of the working fluid rises 
sharply to a peak and then gradually decreases. The wall temperature decreases 
exponentially, and the temperature of the heating fluid falls sharply, and then gradually 
decreases. A base model for the step change in the mass flow of the working fluid is 
developed and compared against past works for the purpose of validation.  
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CHAPTER 1 - INTRODUCTION 
The world’s energy consumption depends heavily on fossil fuel to meet its requirements. 
About 75% of the world’s primary energy usage is met by fossil fuels, from which oil 
(41%) and coal (26%) are the major contributors [1].  It is expected that by 2030, the 
world energy consumption will increase from its current estimate of 22 billion kWh/year 
to 55 billion kWh/year [2]. Despite the depletion of fossil fuel reserves and the concerns 
of climate change associated with the use of fossil fuels, renewable sources of energy 
contribute only 2% of the world’s primary energy use [1]. Hydropower and biomass 
contribute about 18% of the world’s energy consumption [1]. Even though alternate 
sources of renewable energy, which are more environmentally friendly, are being 
explored, the technology has not yet evolved to a stage where these can eliminate the 
dependence on fossil fuels. Therefore, in order to ensure that our fuel reserves last longer, 
and at the same time ensuring the environmental sustainability, the optimum application 
of energy and energy consumption management methods are vital.  
The continuous and uninhibited use of fossil fuels, in addition to depleting scarce 
reserves also leads to a lot of problems with respect to pollution. Every year, about 
700,000 deaths are reported due to air pollution [2]. Despite environmental concerns and 
competition from other fuels, coal continues to meet a major share of the world’s energy 
demand. Natural gas accounts for about 25% of the world’s energy consumption [1]. 
Natural gas is one of the fastest growing primary energy sources in the world. The 
consumption of oil accounted for 41% of the world’s energy needs [2]. Such extensive 
use of fossil fuels leads to environmental pollution problems such as those listed below. 
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1.1 Air pollution 
Every year many tons of poisonous gases are emitted into the atmosphere by vehicles, 
power plants and other energy intensive industries. So much of our industrial growth and 
development has resulted from the utilization of energy released by combustion. While 
this process liberates large amounts of energy, it also releases harmful gases such as CO, 
CO2, SOx and NOx. The air quality index in large parts of the world is bordering on 
dangerous levels every day, and strict and forceful action is required before it is too late. 
For example, major shifts to road transport of goods and more and more automobiles on 
the road every year, have serious consequences due to the formation of CO, NOx and 
other volatile compounds.  
 
1.2 Water pollution 
Water is a source of life not only for humans, who need it for their daily needs, but also 
for the vast range of species that live within it. Three quarters of the world is covered in 
water, and hence care has to be taken to ensure that this is not damaged forever.  
 
1.3 Noise pollution 
 Effective noise control measures have to be strictly implemented to make sure that noise 
levels remain within prescribed limits. The general norm today is that the noise level at a 
distance of 1m from the surface of equipment should not exceed 85 db.  Noise reducing 
equipment such as attenuators need to be strictly implemented. 
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1.4 Global warming 
Global warming refers to the effect of pollution on the climate, in particular the burning 
of fossil fuels (coal, oil and gas), which causes emissions to the atmosphere of large 
amounts of greenhouse gases, of which the most important is carbon dioxide. Such gases 
absorb infrared radiation emitted by the earth’s surface and act as “blankets” over the 
surface, keeping it warmer than it would be otherwise [3]. Associated with this warming 
are changes of climate. The effect was first recognized by the French scientist Jean-
Baptiste Fourier in 1827 [3]. A British scientist, John Tyndall [3] around 1860, measured 
the absorption of infrared radiation by carbon dioxide and water vapour and suggested 
that a cause of the ice ages might have been a decrease in the greenhouse effect of carbon 
dioxide. It was a Swedish chemist, Svante Arrhenius [3] in 1896, who first calculated the 
effect of increasing concentrations of greenhouse gases. He estimated that doubling the 
concentration of carbon dioxide would increase the global average temperature by 5–6°C 
[3]. This increase will have disastrous effects as described below: 
 
1.4.1 Sea level rise 
A rise in average sea level of 10 cm by 2030 and about half a metre by the end of the 21st 
century is predicted [3]. This may not seem much, but half of humanity inhabits the 
coastal zones around the world. Within these, the lowest lying are some of the most 
fertile and densely populated. To people living in these areas, even a fraction of a metre 
increase in sea level can add enormously to their problems. The rise in sea levels will 
result in flooding of very densely populated land. This will increase the population 
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pressure on other areas to unbearable levels. The rise in sea levels will create more storm 
surges and also lead to the contamination of ground water with salt water. 
 
 
Figure 1.1– Predicted change in global sea levels [2]. 
 
1.4.2 Fresh water resources 
With global warming, there will be substantial changes in water availability, quality and 
flow. On average, certain areas will become wetter and others drier. Substantial changes 
in variations of flow during the year will also occur as glaciers melt and snow cover 
reduces. Many of these changes will worsen the current vulnerability regarding water 
availability and use. Continental areas will be especially susceptible, since decreased 
summer rainfall and increased temperature, will result in a substantial loss in soil 
moisture, and increased likelihood of drought. 
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1.4.3 Agriculture and food supply 
 Growing influence of global warming will cause crop patterns to change. Parts of Africa 
are particularly likely to be seriously affected. For the world as a whole, with proper care, 
the effect on total global food supply is not likely to be large. However, these studies are 
very complicated, and are at an early stage. They have not yet adequately taken into 
account the probable effects of climate extremes such as drought and floods, of 
increasingly limited water availability or of other factors such as the integrity of the 
earth’s soils.  
One of the most serious issues exposed by the studies of climate change, is that, it 
is likely to affect countries very differently. Production in developed countries may 
increase, whereas that in many developing countries with growing populations, it is likely 
to decline. Disparity between developed and developing nations will tend to become 
much larger. Since agriculture is the main source of employment in many developing 




About 10% of the world’s land area is under cultivation. The rest is to a greater or lesser 
extent not inhabited by humans. Of this about 30% is natural forest [3]. Within this area 
climate plays an important role in the determination of the distribution of biomass. Large 
changes in this distribution have occurred during the relatively slow climate changes in 
the past.  Two particularly types of species that are being threatened are trees and coral. 
Large areas of tropical forests under the effects of climate change may become unviable. 
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Many corals are already affected by bleaching caused by increased ocean temperatures. 
Moreover, as large quantities of extra carbon dioxide are dissolved in the oceans, their 
acidity increases posing a serious threat to living systems in the oceans. 
A further concern about natural ecosystems relates to the species diversity and the 
unprecedented loss of species and hence of biodiversity due to the impact of climate 
change, especially when that impact is added to other stresses on ecological systems due 
to human activities (e.g. land conversion or degradation, deforestation and pollution). 
 
1.4.5 Human health 
Human health will be affected by most of the impacts described earlier, such as reduced 
water availability, food shortages and more severe floods and droughts. An increase in 
the spread of insect-borne diseases may also occur if the average temperature of the earth 
increases.  Another direct effect of increased surface temperatures of the earth on people 
will be that of heat stress in the extreme high temperatures that will become more 
frequent and more widespread.  
Therefore in order to address all these problems, and partially reduce or offset the 
concerns from the use of fossil fuels, waste heat recovery power generation is of 
paramount importance. Every extra unit of energy recovered and used will reduce the 






1.4 Objectives of the thesis 
The Marnoch heat engine is a new power generation device under research and 
development at UOIT. In this thesis a model is developed to predict the performance of 
the source heat exchanger in the MHE. The specific objectives of this thesis are:  
• The power output of the MHE is obtained by converting the thermal energy of the 
working fluid into electricity. Therefore, the model developed in this thesis is to 
predict the temperature distributions of the working fluid, heating fluid and the 
wall over the time duration of the cycle.  
•  For the purpose of deciding the material of construction, prediction of ‘hotspots’, 
etc, it is necessary to calculate local temperatures of the fluids and the wall within 
the heat exchanger. Therefore, the temperature distribution of the fluids and the 
wall is to be calculated over the length of the heat exchanger.  
• As the MHE is an ongoing research and development project with the final aim of 
commercialization of the MHE, optimization of the performance of the MHE is 
necessary before commercialization. This thesis develops a base model to predict 
the performance of the heat exchanger. Future optimization work can be carried 







CHAPTER 2 – BACKGROUND AND LITERATURE REVIEW 
2.1 Introduction 
Heat engines are mechanical devices that convert thermal energy to work. They convert a 
part of the thermal energy received from an energy source to work, and reject the rest of 
the thermal energy to an energy sink. The operation of heat engines is limited by the 2nd 
law of thermodynamics. The Clausius statement of the second law states: “It is 
impossible for any system to operate in such a way that the sole result would be an 
energy transfer by heat from a cooler to a hotter body”. The Kelvin – Planck statement of 
the 2nd law states: “It is impossible for any system to operate in a thermodynamic cycle 
and deliver a net amount of energy by work to its surroundings while receiving energy by 









Figure 2.1 – Heat engine schematic diagram. 
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Typically heat engines use a gas as a working fluid. The Rankine cycle, Brayton 
cycle, Otto cycle, Diesel cycle, Carnot cycle and Stirling cycle are all examples of heat 
engine cycles. In this chapter, the Carnot and Stirling cycles have been selected for 
detailed discussion. The Carnot cycle has been selected because it is an ideal cycle and 
serves as a reference to which the performance of any heat engine cycle is compared. The 
Stirling engine is discussed in detail because it is a heat engine whose operation is similar 
to that of the Marnoch heat engine.  
 
 2.2 The Carnot engine 
The Carnot engine is an ideal heat engine and operates on the Carnot cycle. The 
efficiency of the Carnot engine is the maximum possible efficiency that can be achieved 
by any heat engine theoretically. Hence the Carnot engine is often used as a reference for 
comparison of the performance of other heat engines.  
 Figure 2.2 shows the Carnot power cycle in which the working fluid is a gas 
within a piston-cylinder assembly. The piston and cylinder wall do not conduct energy. 
There are two thermal energy reservoirs at TH and TC and an insulating stand. The piston 
cylinder assembly is initially on the insulating stand and the temperature is TC. Four 
processes occur.  
Process 1-2: The gas is compressed adiabatically to state 2, where the temperature is TH. 
Process 2-3: The system is placed in contact with the thermal reservoir at TH. The gas 
expands isothermally, while receiving heat QH from the thermal reservoir.  
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Process 3-4: The system is placed back on the insulating stand and the gas is allowed to 
expand adiabatically until the temperature falls to TC. 
Process 4-1: The assembly is placed in contact with the reservoir at TC. The gas is 
compressed isothermally to its initial state and it discharges heat QC to the cold reservoir 
by heat transfer.  
If the cycle is operated in the opposite direction, the cycle operates as a 















2.3 The Stirling engine 
The Marnoch heat engine is being developed to operate using low temperature 
differentials. Another engine that can be designed to operate in the same way is the 
Stirling engine. 
Stirling engines operate on the Stirling cycle. A compressible fluid such as air, 
hydrogen, helium or nitrogen is used as the working fluid. The Stirling cycle shows 
possibilities to develop a heat engine that operates with a higher efficiency and lower 
emission levels than an internal combustion engine. Stirling engines have a wide range of 
possible applications, which include applications where [4]: 
1. A multi-fuel characteristic is required; 
2. Good cooling sources are available; 
3. Constant power output required; 
4. A long warm up period is permitted; 
5. Low speed operation is required; 
6. Slow changes of power output are permitted. 
Although, currently the Stirling engine efficiency may be low, because of the simple 
constructional features of the Stirling engine, when produced in a large scale, the Stirling 
engine can achieve economy of scale.   
2.4 Stirling engine configurations 
The Stirling cycle has a constant volume process during the transfer of the working fluid 
between the hot and cold spaces of the engine. The heating and cooling processes during 
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expansion and compression of the working fluid, occurs as a constant temperature 
process. The compression and expansion processes take place in a power cylinder, using 
a power piston. A displaces piston shuttles the working fluid through the heater, 
regenerator and cooler. Three different configurations of the Stirling engine are used [4]. 
2.4.1 Alpha configuration 
Figure 2.3 shows the alpha configuration of the Stirling engine. In this configuration, two 
pistons, called the hot and cold piston are used on either side of the heater, regenerator 
and cooler. A displacer piston is not used. These pistons move uniformly in the same 
direction to provide the constant volume heating and cooling processes of the working 
fluid. When all the working fluid has been transferred to one cylinder, one piston will be 
fixed, and the other piston moves to expand or compress the working fluid. The 




Figure 2.3 – Alpha configuration of the Stirling engine (1 – hot piston, 2 – heater, 3 – 
regenerator, 4 – cooler, 5 – cold piston [4]).  
13 
 
2.4.2 Beta configuration 
In the Beta configuration of the Stirling engine, a displacer piston and power piston are 
used in the same cylinder. Figure 2.4 shows the beta configuration of the Stirling engine. 
The displacer moves the working fluid between the hot and cold spaces in the cylinder 
through the heater, regenerator and cooler. The power piston, located at the cold space of 
the cylinder, compresses the working fluid when the working fluid is in the cold space 








Figure 2.4 – Beta configuration of the Stirling engine (1 – displacer piston, 2 – heater, 3 – 
regenerator, 4 – cooler, 5 – power piston [4]). 
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2.4.3 Gamma configuration of the Stirling engine 
Figure 2.5 shows the gamma configuration of the Stirling engine. The gamma 
configuration uses separated cylinders for the displacer and power pistons. The power 
cylinder is connected to the displacer cylinder. The displacer moves the working fluid 
between the hot and cold spaces of the displacer cylinder through the heater, regenerator 
and cooler. The power piston both compresses and expands the working fluid. The 
gamma configuration has the highest possible mechanical efficiency theoretically. This 







Figure 2.5 - Gamma configuration of the Stirling engine (1 – displacer piston, 2 – heater, 
3 – regenerator, 4 – cooler, 5 – power piston [4]). 
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2.5 Low temperature differential Stirling engines 
A lower temperature differential Stirling engine can be run on a small temperature 
differential between the hot and cold ends of the cylinder. These engines can be of two 
designs [4]. The first is called the Ringbom engine and uses a single crank operation, 
with only the power piston connected to the flywheel. The second design is called the 
kinematic engine, where both the displacer piston and the power piston are connected to 
the flywheel. These engines show possibilities in applications where low waste heat 
temperatures sources are available, in which the temperature is less than 1000C [4].  
Some characteristics of Low temperature differential Stirling engines are as follows: 
1. Displacer to power piston swept volumes ratio is large; 
2. The diameters of displacer cylinder and displacer are large; 
3. Effective heat transfer surfaces on both end plates of the displacer cylinder are 
large; 
4. Displacer stroke is small; 
5. Dwell period at the end of the displacer stroke is longer than the normal Stirling 
engine; 
6. Operating speed is low. 
 
2.6 Waste heat recovery systems 
A wide range of systems are used in industry to generate electricity using waste heat as 
the input. This section provides an overview of some such systems. 
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2.6.1 Combined cycle system 
A schematic diagram of the Neka combined cycle power plant [5] in Iran is shown in 
Figure 2.6. This is a conventional combined cycle power plant. The gas turbine exhaust is 
passes through a waste heat recovery boiler. Steam is produced in the waste heat recovery 
boiler and then passed through a steam turbine to generate additional power. The authors 
have reported combined cycle energy efficiency for the plant of 46% and a combined 
cycle exergy efficiency of 44% [5]. Comparatively the efficiency for an ordinary Rankine 
cycle is around 30%. Figure 2.7 shows a comparison combined cycle power plant 
efficiencies with Gas turbine power plant efficiencies.  
 




Figure 2.7 – Comparison of a combined cycle system and Brayton cycle system [6]. 
 
Although combined cycle power plants are more efficient and environmentally friendly, 
than conventional plants, they are not very for small scale power production. Large 
capital investments are required and the space requirements are large. 
 
2.6.2 Once through heat recovery steam generators 
The advantages of supercritical steam cycles for power generation are well documented 
by many researchers. Supercritical cycles are now being used in waste heat recovery 
based power generation systems. Benson “once through HRSGs” have been 
commercialised and companies such as Alstom are now offering HRSGs that operate on 
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supercritical steam cycles [7]. Many advantages of this system have been documented 
and it has been estimated that plant operators could potentially save $24 million (Net 
present value over 20 years) in fuel alone [7]. Additionally, substantial savings can be 
achieved in SOx and NOx emissions as well as reduction in water consumptions 
compared with existing plants. However large capital investments are required. Since the 
pressures and temperatures are very high, so there are many safety issues. Figure 2.8 
shows the schematic of a Benson “once through HRSG”. 
 
2.6.3 Heat pipes   
Heat pipes have been well recognized as a highly-effective heat transfer element [8]. Heat 
pipe technology can solve various practical problems in industrial production in an 
efficient and economic way. The advantages of using a heat pipe are described as 
follows. 
The heat pipe is a heat-conducting element with high heat transfer performance. 
Heat is transferred via evaporation and condensation of the working fluid in a fully-
enclosed vacuum pipe, at a thermal conductivity several times better than that of good 
heat-conducting materials (copper, silver, etc.) [8]. 
The dual-wall heat exchange characteristics of the heat pipe are an important 
factor to guarantee safe, reliable and long-term operation. With one-wall heat-exchange 
equipment, the equipment must be stopped for repair, even when only one heat exchange 
element is damaged. This is not the case with heat pipe equipment. Even if there is 
damage to a single heat pipe in the equipment comprising of heat pipe bundles, the two 
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different types of heat exchange fluids will not be mixed, and therefore the overall heat 
exchange will not be affected. 
The self soot-blowing property of a heat pipe is important to prevent dew-point 
corrosion and dust clogging in industrial equipment. It has been shown that problems 
such as deterioration of equipment efficiency, or even forced outage due to clogging and 
dew-point corrosion of large power station boilers, industrial waste heat boilers in high 
dust content environment and other heat exchange equipment in dusty environments can 
be prevented and avoided when they are replaced with heat pipe heat exchangers. 
Separate heat pipe technology has made heat exchange possible at long distances, 
where mixing is not allowed and where multiple heat sources or heat sinks are used. This 
can therefore successfully overcome the difficulty in heating the gas and air at the same 
time for the blast furnace flue gas in iron melting and metallurgical industries. 
The homogeneous temperature and heat shielding performance of heat pipes can 
solve problems such as non-homogeneous temperature distribution in a chemical reactor, 
reactions deviating from the optimum reaction temperature, overheating decomposition 
due to an uneven pipe wall temperature in petroleum crackers, and heat dissipation for 
the nuclear reactor vessel body.  
Liquid metal heat pipe technology has made high-temperature heat exchangers 
safer, more compact and more efficient. The use of liquid metal heat pipes and a 
reduction in material prices will make it possible to realize the continuous heat extraction 
in super high-temperature reaction equipment, such as continuous gas production in coal 
gasification, and new type heat pipe steam generators in nuclear power plants. 
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However, heat pipes generally involve the change of phase of the working fluid, 
which complicates the heat pipe system design. Figures 2.8 shows the schematic diagram 
of a heat pipe system and Figure 2.9 show a photograph of a heat pipe steam generator. 
 
Figure 2.8 – Schematic of a heat pipe system [8]. 
 
Figure 2.9 – Heat Pipe Steam Generator [8]. 
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2.6.4 Compact steam generators 
Conventional steam generators are the largest components in a steam power plant, and 
add considerably to the physical size of a gas turbine based combined cycle and 
combined heat and power plant. Availability of compact steam generators capable of 
operating at high pressures would make heat recovery from engine and turbine exhausts 
attractive in a wider range of applications. A compact heat exchanger (CHE) can reach an 
area density higher than 500 m2/m3, with respect to 100–200 m2/m3 of the shell and tube 
heat exchanger [9]. A limitation is that with the actual technology, it can operate till to a 
maximum pressure of about 90 bars [9]. Figure 2.10 shows a schematic of a compact 
plate fin heat exchanger. 
 




A PFHE is a type of compact heat exchanger that consists of a stack of alternate 
flat plates, which act as parting sheets, and finned surfaces. The components are brazed 
together as a block. The heat transfer occurs between the unmixed exhaust gas flow and 
water stream. The flow direction of each fluid with respect to the other can be counter-
current or cross-flow. The structure is composed of a plate layer with exhaust gas and a 
cold fluid channels. The exhaust gas exchanges flows along the passages made by the 
fins, and exchanges heat with the water flowing between the parting sheets. On the gas 
side, the exhaust gas channels are made by a finned surface, in the form of a continuous 
longitudinal rectangular fin channel or an interrupted fin structure (offset-strip). The fins 
serve both as a secondary heat transfer surface and as mechanical support for the internal 
pressure between layers. Fins are fixed and sealed to the walls, by a high temperature 
brazing.  
 
2.6.5 Thermoelectric power generation 
Thermoelectric power generation is a method that converts heat directly into electricity 
by forming a temperature gradient, created at two ends when p and n-type semiconductor 
thermoelectric power generating materials are joined together and then utilizing the 
Seebeck effect. 
The concept of waste-heat thermoelectric power generator offers many advantages [10]: 
   Simplicity, 
   Reliability, 
   Economical, 
   Safe. 
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    A waste heat thermoelectric generator is shown in Figure 2.11. Two ‘n’ and ‘p’ 
type semiconductors are connected by metal conductors. The hot junction is heated by the 
waste gas, and cold junction is cooled by the heat sink. The temperature gradient drives 
the electron charge carriers to produce a voltage. The power output depends on the 
semiconductor materials used, the temperature difference and the current developed.   
However, it is currently less economical to use thermoelectric devices to generate 




Figure 2.11 – Schematic of a thermoelectric power generation system [10]. 
 
2.6.6 LNG waste heat recovery power systems 
In countries such as Japan, which import a large amount of LNG, effective utilization of 
all the waste heat is essential. Among the new power-generation plants without CO2 
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emissions, the value of 73 MW of power generation is second to the 450 MW of power 
generation of geo-thermal power generation plants in Japan, with the exception of power 
generation by refuse incinerators. It is much larger compared with the 35 MW output of 
solar-power plants and the 14 MW output of wind-power stations [11]. 
Improvements in blade-cooling technology and materials of the gas turbine have 
enabled a 14000C class turbine to be designed and increased for a combustion pressure up 
to 3 MPa. Therefore, the thermal efficiency of the combined cycle has been improved and 
the electrical power output from 1 ton of LNG has reached about 7 MWh. A high 
efficiency LNG power generation system which is composed of the combined cycle and 
the LNG power-generation plant has been proposed [11]. 
Figure 2.12 shows the diagram of a high-efficiency LNG power-generation 
system. The combined cycle is composed of a gas turbine (GAS-T) and a steam turbine 
(ST-T). The gas turbine uses natural gas (NG) as fuel, while the LNG power generation 
cycle is composed of a Freon mixture turbine (FR-T) and a natural-gas turbine (NG-HT, 
NG-LT). The LNG cycle uses the latent heat of condensation from the exhaust steam and 
the sensible heat of exhaust gas as heat sources. LNG/natural gas (LNG-CON) and LNG/ 
freon mixture (FR-CON) heat exchanger as of the plate and fin type, whereas, the exhaust 
steam/natural gas (LNG-VAP), exhaust steam/freon mixture (FR-VAP), and exhaust 
gas/natural gas (NG-SH) heat exchangers are of the shell-and-tube type. The system has a 
drawback of ice formation on the heat exchanger tubes. The ice thickness can be 
estimated by the estimating the heat transfer between LNG and sea water. Thus designers 
can design the exchangers to avoid blockages due to ice inside the tubes.   
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The system can produce about 400 kWh of net output when 1 ton of LNG is used 
as the input [11]. The conventional combined-cycle system in operation generates about 7 
MWh when 1 ton of LNG is used as fuel. The system shown in Figure 2.12 can generate 
about 8.2 MWh using the same amount of fuel, with a higher efficiency. A conversion 
efficiency of at least 53% was achieved per gross heat value. In the case of an LNG 
terminal receiving 5 million tons of LNG per year, this system can generate a power of 
about 240 MW when 600 TPH of LNG is used [11]. The elimination of about 24,000 tons 
per hour of sea water, used for vaporizing 600 t/h of LNG in the conventional system 
saves at least 2 MW of electric power required for operating the sea water pumps [11]. 
This proposed system emits no CO2, and can it generate a large amount of electricity with 
high cost efficiency when incorporated into a combined cycle, with no use of sea water 
[11]. 
 
Figure 2.12 – LNG waste Heat Recovery Power Generation Cycle [11]. 
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2.6.7 Fuel cell based co generation systems 
The system shown in Figure 2.13 is a model of a solid oxide fuel cell based plant. The 
plant could represent new methods of power generation, based on electrochemical 
conversion with low CO2 emissions [12]. Water flow (F33) is pumped to the economizer 
(13) where it is preheated. It is then evaporated in the evaporator (12), and the saturated 
steam from the evaporator is superheated in the superheater (11) by the turbine exhaust 
gases. The superheated steam is then split into two streams. One stream is sent to the 
steam/methane mixer (2), and the other is sent to the steam/gas mixer (9). Methane flow 
(F21) is heated by the turbine exhaust gases in the methane heater (1). It is then mixed 
with superheated steam in the steam/methane mixer (2). The methane /steam mixture is 
sent to the reforming unit (3), where it is reformed into a syngas (flow F24), containing a 
large amount of hydrogen. The syngas enters the solid oxide fuel cell anode (5) as the 
fuel for the solid oxide fuel cell. The air required for the cathode (F1) is compressed in 
the compressor (7), preheated in the recuperator (8) and sent to the cathode of the solid 
oxide fuel cell (5). The anode and cathode exhaust flows leave the fuel cell, and enter the 
combustion chamber (6) where they are burnt. The combustion gas (F5) is mixed with the 
steam flow (F39) and enters the gas turbine to produce electricity. The exhaust gas (F8) 
from the turbine enters the combustion chamber (4), where a methane flow (F27) is 
introduced to increase the gas temperature before the reforming reaction. The flue gas 
(F9) from the chamber is used to supply the heat needed for the steam methane 
reforming, and also to preheat the feed water and the methane used for the reforming. 
Fuel cells, however, have high capital costs per unit power output and this prevents their 
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large scale development and commercialization. The lack of availability of a good 
hydrogen infrastructure is also a problem.  
 
 
Figure 2.13 – Schematic of a SOFC-GT combined cycle system with heat recovery [12]. 
 
2.7 Past heat exchanger models 
There is a vast amount of past literature available on the modelling of heat exchangers for 
steady state. However, literature on the transient operation and modelling of heat 
exchangers is limited. Das and Murugesan [13] studied the transient response of plate 
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heat exchangers with axial thermal dispersion in the fluid. They developed a model using 
Laplace transformations to predict the transient response of a multi pass plate heat 
exchanger. The simulation of the exchanger accounted for axial dispersion of heat within 
the fluid, and the phase lag effect, which causes a delay at the distribution port. They also 
considered deviations from ideal flow such as flow maldistribution and back mixing for 
any configuration. A parametric study for the number of plates and NTU was also 
conducted and it was observed that the flow maldistribution leads to degradation of the 
performance of the heat exchanger.   
Das and Dan [14] investigated the transient response of a parallel flow heat 
exchanger. They used a method of double Laplace transformations. They neglected the 
heat wall capacitance and developed the model using a distributed parameter approach 
with PID controllers for a parallel flow model.  
Idrissi et al [15] studied the transient response of a counterflow double pipe heat 
exchanger. They predicted the response time to a flow rate step change. They compared 
the theoretical results with experimental results. The hot fluid was subjected to a flow 
rate step change. It had a decreasing time constant as a function in the flow direction. The 
cold fluid was not subjected to a step change, and it showed two types of response. The 
first was an increasing time constant along the longitudinal axis according to the 
counterflow. The second was the same response along the length of the heat exchanger. A 
comparison of the time constant for positive and negative flow rate step changes showed 
asymmetric behaviour.  
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Tan and Spinner [16] studied the dynamics of a shell and tube heat exchanger 
with finite tube wall heat capacity and finite shell side resistance. The transient response 
of the tube side fluid to velocity fluctuations was investigated. They also predicted the 
response to shell and fluid side temperature disturbances.   
Naterer and Lam [17] investigated the transient response of a two phase heat 
exchanger to step changes in temperature and also considered varying convection 
coefficients.  They used an integral method in contrast to Laplace transforms. The 
integral method was extended to cases involving a varying convection coefficient due to 
phase change of the fluid. They showed that the fluid temperature stabilizes more rapidly 
for smaller values of the ratio of thermal capacities of the fluid. It was also shown that the 
outlet fluid temperature rises more rapidly for cases involving higher vapour fractions.  
Their model was validated by past analysis and numerical simulation.  
Yin and Jenen [18] developed an analytical model for transient heat response. The 
transient response of a fluid and the wall to step changes in temperature and mass flow 
rates was investigated. An integral method was used to predict the dynamic behaviour of 
the heat exchanger. Their results were compared with numerical simulation results and 
the agreement was good.  
Armstrong et al. [19] investigated the thermodynamic optimization and control of 
the MHE. They predicted the torque outputs for the strokes at different pressure 
differentials. They also developed a control scheme for the engine.  
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Marnoch et al. [20] studied the MHE performance for multiple pressure vessel 
configurations. They developed an analytical model to predict the power output and 
number of strokes, based on the initial conditions within the pressure vessels.  
The heat exchangers of the MHE have a unique mode of operation wherein the 
mass of the working fluid within the source heat exchanger decreases with time, and the 
mass of the working fluid within the sink exchanger increases with time. As the mass 
within the source heat exchanger reduces, its pressure will decrease. However, since the 
heating fluid continues to circulate through the exchanger, this will compensate for the 
reduction in mass by transferring some of its energy and thus raising the pressure of the 
working fluid. None of the past heat transfer models described previously are capable of 
predicting these processes.  
Within the sink exchanger on the other hand, as the mass of the working fluid 
increases with time, the pressure will also increase. However, since the cooling fluid 
continues to circulate through the exchanger, it will try to bring down the pressure by 
removing some of the heat from the working fluid. Thus, the problem to be analysed is 
one of transient heat transfer caused, by the change of mass with respect to time. This 
chapter attempts to predict this behaviour of the source heat exchanger during its 
operation, when the outlet valve to the piston has been opened and the working fluid 
starts flowing out of the heat exchanger.  
In order to validate the heat transfer model developed, a base model involving a 
step change in the mass flow rate of the working fluid is developed. The results of this 
base model are compared against the results reported by Yin-Jensen [18]. The base model 
is further modified to model operation of the heat exchanger in the Marnoch heat engine.   
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CHAPTER 3 - THE MARNOCH HEAT ENGINE AND ITS OPERATION 
3.1 Introduction 
The Marnoch heat engine is a novel power device designed to generate electricity. The 
MHE is being developed to generate electricity from low grade heat and it can be used in 
a variety of applications of waste heat recovery, solar energy applications, geothermal 
applications, etc. The system is being designed to operate without a change of phase of 
the working fluid, compact in design thus saving space, operate with a variety of working 
fluids and become economical for large and small scale applications. The system can 
operate on low temperature differentials. Figure 3.1a shows the schematic diagram of the 
MHE. The working fluid of the MHE is a gas. The possibility of using different working 































Figure 3.1 – a) Schematic diagram of the MHE (1,2,3,4- Heat Exchangers, 5-Piston-
Cylinder assembly) and b) Photograph of the MHE prototype [21]. 
 
Figure 3.1 (b) shows a photograph of the current MHE prototype. This prototype uses air 





3.2 Description of the MHE 
A description of the major components of the MHE is given below: 
3.2.1 Heat exchangers 
The heat exchangers being used in the current MHE prototype are shell and tube heat 
exchangers. The system operates using pairs of heat exchangers. One exchanger acts as 
the heat source and the other acts as the heat sink. The current prototype has been run 
with two different tube configurations: a) the helical coiled tube bundle and b) A multi 
pass bundle as shown in Figure 3.2. The power generation is greatly influenced by the 
design of the heat exchangers. Effective designs of the source tank will enhance heat 
transfer to the working fluid in the same amount of time thus allowing the operating 
requirements to be met faster and the system cycle can run for a longer time. Similarly 
effective design of the sink tank will help is better heat transfer from the working fluid. 
This will help the system operate at peak power longer. 
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Figure 3.2 – Schematic of the heat exchanger configurations, (a) helical,  
(b) multi pass [21]. 
Table 3.1- Heat exchanger shell dimensions of the current prototype  
Shell Diameter 4 mm 
Shell Length 790 mm 
Thickness of the Metal Sheet  in the Body 4 mm 
Thickness of Flanges 23 mm 
Number of the Bolts that tighten the Flanges 8 mm 
Bolts Diameters 22 mm 
Diameter of the Air Inlets and Outlets 25.4 mm 





Table 3.2 - Heat exchanger helical tube specifications of the current prototype  
Tube Inner Diameter  10 NB  
Thickness of Tube 0.64 mm 
Number of Coils 37 
Length of Heat Exchanger Coils 630 mm 
Radius of Bends 65 mm 
Total Length of Tubes 17350 mm 
 
Table 3.3 - Heat exchanger multi pass tube specifications of the current prototype  
Inner Diameter 14.61mm 
Thickness of Tube 0.64mm 
Number of Passes 20 
Length of Each Pass 690mm 
Radius of Bends 22mm 
Total Length of Tubes 15150mm 
 
 
Tables 1-3 show the shell and tube specifications of the heat exchangers, which have 







3.2.2 Piston and cylinder 
The MHE currently uses a double acting reciprocating piston-cylinder mechanism to 




Figure 3.3 – Schematic of the operation of the piston [21]. 
 
Figure 3.3 shows a schematic of the piston cylinder mechanism. Each end of the 
cylinder is connected to ports that are connected to both the source and sink tanks. Hence, 
the working fluid can be moved in and out of both ends of the cylinder. The cylinder 
body is made from aluminum. The piston diameter is 63 mm. The piston is connected to a 
rack and pinion mechanism. Therefore, as the piston reciprocates, the rack meshes with a 
pinion and rotates it. A sprocket is mounted on the pinion shaft. A chain connects this 
sprocket to another sprocket on the flywheel shaft. Two different chin arrangements are 
used in order to ensure that torque is transmitted to the flywheel during both the forward 
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and reverse stroke of the piston.  Figure 3.4 shows the cross sectional view of the piston 








Figure 3.4 – Sectional view of the piston-cylinder arrangement [21]. 
 
3.2.3 Valves 
Valves are an integral part of the equipment setup. They are required to move the fluids 
though the equipment to the desired locations. Proper valve design is required to ensure 
that the losses in the valves are minimum. Good valve design is also necessary to reduce 
downtime of the equipment arising from stoppages due to valve leaks. The MHE uses 
solenoid valves to move the flow of heating and cooling fluids to the heat exchangers. 
Manually operated ball valves are used as isolation valves. Pneumatic ball valves are 





The operation of the MHE is by a Programmable Logic Controller (PLC). All automated 
events that take place in the engine are controlled by the PLC. The PLC takes its inputs 
from various data transmitters and acquisition systems mounted on the engine, such as 
temperature and pressure transmitters, limit switches, etc.   
 
3.3 Operation of the MHE 
The operation of the MHE is depicted in the schematic shown in Figure 3.5. The pipeline 
tag number descriptions are given in Table 3.4. The MHE consists of pairs of heat 
exchanger tanks. One tank is used for heating the working fluid and the other is used to 
cool the working fluid. The operation of the MHE is explained in the following steps. 
 
3.3.1 Charging 
In this step the working fluid is bled into the heat exchangers. The working fluid 
currently used is air. The working fluid is bled into the heat exchangers through valves V-
5 and V-6, and pressurized to an equal pressure in both tanks.  
 
3.3.2 Heating and cooling  
In this step, a heating fluid is passed into one heat exchanger and a cooling fluid is passed 
into the other heat exchanger. The purpose of this process is to create a pressure 
difference between the two heat exchangers, which will act as the driving force for the air 
flow through the piston. Valves V-5 and V-6 are closed and valves V-1, V-3, V-2 and V-
4 are opened. Heating fluid flows into the exchanger (HE-1) through V1 and out through 
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V-3. Cooling fluid flows into the heat exchanger (HE-2) through V-2 and out through  V-
4. When the working fluid in HE – 1 is heated, the pressure inside the heat exchanger 
increases. Similarly when the working fluid within HE-2 is cooled, its pressure decreases. 
Thus a pressure difference is created between the two tanks.  
 
3.3.3 Power generation 
In the first stroke, valves V-7, V-12, V-10, V-9 and V-8 are opened and all other valves 
for the working fluid are closed. The air flows through the cylinder and pushes the piston 
from LDC to RDC.  For the second stroke, valves V-7, V-13, V-10, V-9 and V-8 are 
opened and all other valves for the working fluid are closed. The air flows through the 
cylinder and pushes the piston from RDC to LDC. The strokes and valve opening 
sequences are repeated until a certain predetermined pressure within the tanks is reached, 
upon which the pair of tanks are taken out of service and another pair of tanks are put into 
operation. 
The piston cylinder mechanism consists of a double acting reciprocating piston 
within a cylinder. The piston drives an internal rack and pinion mechanism, which 
transmits the torque to the pulley mounted on the pinion shaft. The torque is transmitted 
to the flywheel by means of a chain drive. The chain drive system is set up in such way as 
to ensure that the direction of rotation of the flywheel does not reverse when the direction 
of the stroke changes.  The flywheel turns the generator by means of a belt drive.  
The next chapter will develop a new practical model for a key process within the 
MHE – transient heat transfer. The operation and performance of the transient heat 




















































Table 3.4 – Pipeline tag number descriptions. 
Pipeline tag number Description 
1 Heating fluid into the source heat exchanger 
2 Heating fluid leaving the source heat exchanger 
3 Working fluid into the source heat exchanger 
4 Cooling fluid into the sink heat exchanger 
5 Cooling fluid leaving the sink heat exchanger 
6 Working fluid into the sink heat exchanger 
7 Working fluid leaving the source heat exchanger 
8 Branch of working fluid to LDC of the piston - cylinder 
9 Branch of working fluid to RDC of the piston - cylinder 
10 Branch of working fluid leaving the LDC of the piston - cylinder 
11 Branch of working fluid leaving the LDC of the piston - cylinder 










CHAPTER 4 - TRANSIENT HEAT TRANSFER ANALYSIS  
4.1 Heat exchanger model development for the MHE 













Figure 4.1 - Analytical model of the heat exchanger in a MHE. 
 
The assumptions for the analysis are given as follows  
• For the purpose of this thesis, constant specific heat for the fluids and wall 
through the heat exchanger is assumed. The working fluid of the current MHE 
prototype is air, whose specific heat does not change significantly with 
temperature. 
• The temperature of the fluids and the wall are functions of time and position only. 
• Longitudinal and transverse heat conduction through the wall and fluids are 
negligible as compared to convection. 
• The convective heat transfer coefficient is constant.  
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• There are no chemical reactions within the fluid and wall and no thermal energy 
sources within the wall and the working fluid. 
• The insulation considered for the heat exchanger is asbestos based mineral wool 
insulation. The thermal conductivity of the insulation is around 0.07 W/m k. The 
thermal conductivity for the shell material - carbon steel is around 60 W/m K. As 
the thermal conductivity of the insulation is much lower than that of the shell, it 
has been assumed that the heat losses to the surroundings are negligible. The 
values of the thermal conductivities have been provided by the Engineering 
Equation Solver software for a heat exchanger shell surface temperature of 600C.  
 
A base model to model the behaviour of the heat exchanger for a step change in the 
mass flow rate of the working fluid is developed. The results of the base model are 
compared with the results of the model developed by Yin and Jensen [18] for the purpose 
of validation.  
With reference to Figure 4.1, consider a differential control volume (CV1) of 
thickness dx within the wall. Within this control volume, the transient change of wall 
temperature balances the heat transfer from the heating fluid minus the heat transfer to 
the working fluid. The energy balance equation can be written as: 
                                                        (4.1) 
Equation (4.1) can be rewritten as 
                                                (4.2) 
Consider control volume CV2 - the energy balance equation can be written as 
     (4.3)                     
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When equation (4.3) is multiplied by the length of the exchanger ‘L’ 
                                                           (4.4) 
We now define dimensionless parameters as follows 
Dimensionless temperature  
Dimensionless length   
Dimensionless time   
  ;  ;   . 
where, N1 is the ratio of the wall thermal capacitance to the single phase fluid thermal 
capacitance, N3 is the number of transfer units for the working fluid (NTUf) and N2 = 
NTUf ( is the NTUs multiplied by the thermal resistance ratio.  
Replacing the temperatures and time parameters in the previous equations, then 
Equation (4.1) becomes 
          (4.5)   
Dividing equation (4.5) by  
                                                                   (4.6) 
Equation (4.4) becomes 
                                                  (4.7) 
Dividing equation (4.7) by  
                                                                                               (4.8) 
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Integrating equations (4.6) and (4.8) over the length of the heat exchanger, , 
and then equation (4.6) becomes 
                        (4.9) 
Equation (4.8) becomes 
                                  (4.10) 
In order to evaluate the integrals appearing in equations (4.9) and (4.10), the spatial 
distribution forms of both the wall and the working fluid temperatures are assumed as: 
                                                                                      (4.11) 
                                                                                     (4.12) 





In equations (4.11) and (4.12),  and  are time functions, therefore the partial 
differential equations can be reduced to two first order linear differential equations, 
which are easier to solve. 
Consider first a step change in the mass flow rate of the working fluid, 
specifically equations (4.6) and (4.8). Since the initial temperatures do not change over 
time equation (4.6) can be written as: 
                                                                                     (4.13) 
Now substituting the value of   from equation (4.13) into equation (4.8),  
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                                                                                         (4.14) 
This can be written as: 
                                       (4.15) 
or 
          (4.16) 
where . Integrating equation (4.16) we obtain: 
          (4.17) 
Therefore 
                       
(4.18) 
Also, as , so equation (4.18) can be written as: 
                     (4.19) 
Substituting the value of  from equation (4.19) into equation (4.8), we obtain: 
         (4.20) 
As , then 
           (4.21) 
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          (4.22) 
A step change in the mass flow rate of the working fluid is imposed on the heat 
exchanger. Before the step change, the mass flow rate of the working fluid is  . 
Therefore equations (4.21) and (4.22) can be written as: 
           (4.23) 
          (4.24) 
where   ;   ; and  . 
When the working fluid undergoes an instantaneous step change in the mass flow rate, 
and the inlet temperatures are maintained constant after the change, we have: 
             (25) 
                          (26) 
where   ;   ; and  . 
The heat transfer coefficient of the heating fluid is assumed to be constant, before and 
after the step change of the mass flow rate, on the heating fluid side. However the heat 
transfer coefficient of the working fluid does change. Thus, it is required to evaluate how 
the dimensionless parameters N1, N2 and N3 are affected. As neither the heat transfer 
coefficient nor the mass flow rate is used in N1, then N1 does not change.  
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For laminar flow within a pipe of constant cross section, Nu=constant. Therefore 
 and 
           (4.27) 
where,  
Substituting the values from equations (4.23) to (4.26) into equations (4.11) and 
(4.12), we obtain the following equation for the temperature distribution of the 
temperatures of the working fluid and wall.  
      (4.28) 
      (4.29) 
Using the values of , the integral equations (4.9) and (4.10) become: 
                     (4.30) 
and  
                                  (4.31) 







                            (4.32)             




   (4.33)  
Simplifying and rearranging the terms of equation (33), 
                    (4.34) 
where 
 ;        (4.34a) 
   ;         (4.34b) 
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   ;        (4.34c) 
  .  
Substituting the values of  from equations (4.28) and (4.29) into 
equation (4.31) we have: 
  
  
                    (4.35) 




              (4.36) 
Simplifying and rearranging the terms of equation (36), 
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        (4.37) 
where 
   ;        (4.37a) 
    ;         (4.37b) 
   ;        (4.37c) 
   
Equations (4.34) and (4.37) are ordinary first order differential equations. The roots of 
these differential equations are: 
  ;  . 
The differential equations, when subject to the initial conditions, 
, can be solved to yield: 
       (4.38) 
     (4.39) 
Substituting equations (4.38) and (4.39) into equations (4.28) and (4.29), the temperature 
distribution for the working fluid and the wall are obtained.  
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4.2 Modification of the base model for the MHE heat exchanger 
The operation of the heat exchangers in the Marnoch heat engine differs from the model 
developed above, because once the discharging process is started, the mass flow rate of 
the working fluid leaving the heat exchanger varies with time. For the base model 
developed previously, the change in the mass flow rate occurs in an instantaneous step 
change, which differs from the actual operation of the Marnoch heat engine. 
With reference to Figure 4.1, consider a differential control volume (CV 1) of 
thickness dx within the wall. Within this control volume, the transient change of wall 
temperature balances the heat transfer from the heating fluid, minus the heat transfer to 
the working fluid. The energy balance equation can be written as: 
       (4.39) 
Equation (4.39) can be rewritten as: 
       (4.40) 
Consider control volume CV-2. The energy balance equation can be written as: 
   (4.41) 
When equation (41) is multiplied by the length of the exchanger, ‘L’: 
                                                 (4.42) 
Now define dimensionless parameters as follows: 
Dimensionless temperature  
Dimensionless length  
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Dimensionless time  
  ;  ; and  .  
Replacing the temperatures and time parameters in the previous equations, then equation 
(39) becomes: 
                (4.43) 
Dividing equation (43) by , 
                                                                (4.44) 
Equation (41) becomes: 
                                                (4.45) 
Dividing equation (45) by , 
                                                                                            (4.46) 
Integrating equations (44) and (46) over the length of the heat exchanger, , 
then equation (44) becomes: 
                    (4.47) 
                                  (4.48) 
In order to evaluate the integrals appearing in equations (4.47) and (4.48) the 
spatial distribution forms of both the wall and the working fluid temperatures are 
assumed as: 
                                                                                      (4.49) 
                                                                                     (4.50) 
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In equations (4.49) and (4.50)  and  are time functions, therefore the partial 
differential equations can be reduced to two first order linear differential equations, 
which are easier to solve. 
Consider equations (4.44) and (4.46), where initial temperatures do not change 
over time, so equation (4.44) can be written as: 
                                                                                (4.51) 
Now substituting the value of   from equation (4.40) into equation (4.46),  
                                                                                     (4.52) 
This can be written as: 
         (4.53) 
or 
          (4.54) 
where  
Integrating, we obtain: 
          (4.55) 
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           (4.56) 
Now as , equation (4.56) becomes 
          (4.57) 
Substituting the value of  from equation (4.19) into equation (4.8), we obtain: 
         (4.58) 
At time zero, the outlet valve for the heat exchanger opens and the working fluid starts 
flowing out of the heat exchanger. Therefore, 
          (4.59) 
          (4.60) 
where   ;   ; and ; 
After the cycle has operated for a long time period, the temperature distributions can be 
written as: 
          (4.61) 
          (4.62) 
where   ;   ; and . 
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The heat transfer coefficient of the heating fluid is assumed to be constant during 
the operation of the heat exchanger. However, the heat transfer coefficient of the working 
fluid does change. Thus, it is required to evaluate how the dimensionless parameters N1, 
N2 and N3 are affected. As neither the heat transfer coefficient nor the mass flow rate is 
used in N1, then N1 does not change.  
For a laminar flow with a pipe of constant cross section, Nu=constant. Therefore, 
 and: 
           (4.63) 
where  
When the flow is turbulent the Colburn equation states [18]: 
          (4.64) 
Therefore, 
   
or     
         (4.65) 
Substituting the values from equations (4.59) to (4.62) into equations (4.49) and (4.50), 
we obtain the equation for the temperature distributions of the working fluid and the wall.  
      (4.66) 
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      (4.67) 
Since the mass flow rate of the working fluid constantly varies with time, then 
N  also vary with time. This means that   also vary with time. 
Substituting the values of  and  from equations (4.66) and (4.67) into 




   (4.68) 
Differentiating and rearranging the terms, 




    (4.69) 
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Dividing equation (4.67) by , simplifying and rearranging 
the terms of equation (4.69), we obtain: 
       (4.70) 
where 
 ;        (4.70a) 
   ;    (4.70b) 
    ;     (4.70c) 
   







       (4.71) 





  (4.72) 
Dividing equation (4.72) by , simplifying and 
rearranging the terms of equation (4.72) we obtain: 
       (4.73) 
where 
     (4.73a) 
    ;         (4.73b) 
     ;      (4.73c) 
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Equations (4.73) and (4.74) are ordinary first order differential equations. The roots of 
these differential equations are: 
  ;   
The differential equations when subject to the initial conditions 
 can be solved to yield: 
         (4.74) 
       (4.75) 
Substituting equations (4.74) and (4.75) into equations (4.66) and (4.67), the temperature 
distribution for the working fluid and the wall are obtained. Further, the temperature 
distribution of the heating fluid can be calculated by a simple energy balance across the 
wall. In the next chapter, results from this new transient heat exchanger model will be 








CHAPTER 5 - RESULTS AND DISCUSSION 
The heat exchanger model developed in the previous chapter, calculates the temperature 
distributions of the working fluid, wall, and the heating fluid with time. The model also 
calculates the temperature distributions of the working fluid, wall, and heating fluid over 
the length of the heat exchanger. 
 
5.1 Validation 
In this section, for the purpose of validation, the constant step change model developed in 
the previous chapter will be compared against Yin and Jensen’s analytical model [18]. 
The model developed by Yin and Jensen is programmed using Maplesoft 13 software, 
and the results are compared with the present heat exchanger model. The values for the 
dimensionless parameters N1, N2, N3 and γ are the same as those in [18].  
The predicted temperature of the working fluid is shown in Figures 5.1a and 5.1b. 
The plot compares the results of the base MHE model with Yin-Jensen’s step change of 
mass flow rate model [18]. The working fluid temperature in the present model is 
analogous to the temperature of the single phase fluid in Yin-Jensen’s model. Close 
agreement can be observed. The plots show the effect of different values of γ on the 
temperature distribution of the working fluid. It can be observed that the transient 
response of the working fluid is fast. The temperatures attained for values of γ less than 1 
(when the mass flow rate is reduced) are higher. There is an increasing trend as compared 







Figure 5.1 - Plot of  vs.  for a) γ = 0.6,0.8,1.2,1.4, 




A validation plot of the temperature of the wall with time is shown in Figures 5.2a 
and 5.2b. The plot also compares the results of the base MHE model with Yin-Jensen’s 
step change of mass flow rate model [18], with good agreement. The plots show the 
effect of different values of γ on the temperature distribution of the wall. The response of 
the wall temperature is faster than that of the working fluid. Similar to the temperature 
profiles of the working fluid, the wall temperature shows an increasing trend when the 
mass flow rate of the working fluid is reduced and it shows a decreasing trend when the 
flow rate is increased.  
The use of the integral method means that the governing equations are satisfied on 
an average but may only be satisfied approximately at each point in the system [18]. The 
wall temperatures are heavily influenced by the heat transfer between the working and 
heating fluids. Lower mass flow rates leads to stagnation of the working fluid. As the 
fluid flow rate is low, the working fluid has more time to absorb the heat from the heating 
fluid. This results in increased wall temperatures. On the other hand, higher mass flow 
rates allow the working fluid to continuously absorb more heat from the heating fluid. 
This leads to better heat transfer across the wall, resulting in lower wall temperatures as 












Figure 5.2 -  Plot of  vs.  for                                    
a) γ = 0.6,0.8,1.2,1.4, and b) γ = 1.6, 1.8, 2.0. 
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The temperature distribution of the working fluid over the length of the heat 
exchanger is shown in Figure 5.3. The graph is plotted for different times. As expected 
the temperature of the working fluid increases over the length of the exchanger and the 
temperature of the working fluid also increases with increasing values of time. 
 
 







The temperature distribution of the wall over the length of the heat exchanger is 
shown in Figure 5.4. The graph is also plotted for different . The temperature of the 
wall increases over the length of the exchanger and the temperature of the wall also 
increases as the cycle progresses. 
 
 







5.2 MHE heat exchanger model results 
This section presents the results for the MHE model. The model was developed for the 
operation of the heat exchanger during the power generation strokes of the MHE cycle. 
The operation is transient, due to the change of mass of the working fluid with respect to 
time.  Plots of the variation of the temperature of the fluids and the wall with time, and 
the temperature distribution over the length of the heat exchanger for laminar and 
turbulent flow, are presented in this section. 
The variation of the working fluid temperature with time is shown in Figure 5.5.  
The temperature of the working fluid rises sharply and reaches a peak, after which it 
gradually drops. This trend is similar to what is observed during the operation of the 
MHE, where the power output rises sharply and falls after reaching a peak. This is 
helpful to predict when the maximum power output will be obtained. It is desirable to 
obtain peak power output as soon as possible, and maintain it for as long as possible. The 
trend of the power output will follow that of the temperature, since the thermal energy 
contained in the working fluid is being converted into work. It can be observed that 
smaller values of γ (larger flow rates) produce higher temperatures and hence will result 
in higher power outputs. This trend with γ occurs because, higher flow rates result in 
better heat transfer between the fluids. This allows higher temperatures of the working 
fluid to be attained, meaning that there is more thermal energy available to be converted 
into work within the piston cylinder, resulting in higher work outputs.  
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Figure 5.5 - Plot of  vs. .  
 
The variation of the wall temperature with time for laminar flow of the working 
fluid is shown in Figure 5.6. The wall temperature reaches its maximum at the end of the 
heat exchanger charging and heating period, due to the stagnation of the working fluid. 
When the outlet valves are opened and the working fluid starts flowing out of the heat 
exchanger, the wall temperature drops due to the reduction in temperature of the working 
fluid, resulting from the drop in pressure within the heat exchanger. The decrease of wall 





Figure 5.6 -  Plot of  vs. . 
  
The variation of the heating fluid temperature with time is shown in Figure 5.7. 
The fluid temperature drops sharply, which corresponds with the sharp rise in the 
temperature of the working fluid. After a certain value, the decline in the temperature is 
more gradual, corresponding to the gradual variation in the temperature of the working 
fluid.  In order to ensure that the maximum waste heat is recovered from the heating 
fluid, the outlet temperature should be as low as possible. For the highest mass flow rates 
of the working fluid, the temperature drop of the working fluid is smaller. Therefore a 
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balance has to be reached in the design of the heat exchanger, between the power output 
attainable and the heat recovery from the heating fluid.  
 
 
Figure 5.7 - Laminar flow plot of  vs. . 
  
The plot of the variation of the working fluid temperature with time when the 
flow of the working fluid is turbulent is shown in Figure 5.8.  It can be seen that the trend 
is similar to that of the laminar flow plot. However the maximum temperature obtained is 
lower and the peak is reached later in the cycle. This is not desirable in the operation of 
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the MHE, where, the maximum possible temperature should be attained in the shortest 
possible time, so that maximum power can be drawn quickly, over a longer time.  
 
 
Figure 5.8 - Turbulent flow plot of  vs. . 
  
The variation of the wall temperature with time for turbulent flow of the working 
fluid is shown in Figure 5.9.  It is observed that the slope of the lines is steeper than the 
laminar flow plots. This means that the decrease of temperature is more rapid than the 
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laminar flow condition. Also, the temperature of the wall for the different conditions is 
lower than that of the laminar flow condition.  
 
 
Figure 5.9 - Turbulent flow plot of  vs. .  
 
The plot of the variation of the heating fluid temperature with time for turbulent 
flow of the working fluid is shown in Figure 5.10. The flow of the heating fluid is 
assumed to remain laminar. The drop in temperature of the heating fluid after the 
commencement of operation is less steep as compared to the laminar flow case. However 
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after the initial steep fall in temperature the temperature continues to decrease at a more 
rapid rate, as compared to the laminar flow condition.  
 
 
Figure 5.10 - Turbulent flow plot of  vs. .  
 
 The temperature distribution of the working fluid over the length of the heat 
exchanger for laminar flow, when keeping the rate of decrease of working fluid within 
the exchanger constant is shown in Figure 5.11. As the cycle progresses, the temperature 
distribution remains nearly constant with each of the curves following a similar trend. 
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However, as soon as the operation is started, the temperatures are lower and when the 




Figure 5.11 - Laminar flow plot of  vs. .  
 
The temperature distribution of the wall over the length of the exchanger for 
laminar flow, while keeping the rate of decrease of the working fluid within the 
exchanger constant, is shown in Figure 5.12. It can be observed the temperature rises 
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steeply initially, before the increase becomes more gradual, and towards the outlet, it 
shows trends of stabilizing. There is no significant change in the trend or values of the 
temperature distribution, from the start to the end of the cycle, over the length of the heat 
exchanger. It is also noted that the end point of the curve for t*=0 corresponds to the 
starting point of the curves shown in Figure 5.6.  
 
Figure 5.12- Laminar flow plot of  vs. . 
 
The temperature distribution of the heating fluid over the length of the exchanger 
for laminar flow, when keeping the rate of decrease of the working fluid within the 
exchanger constant, is shown in Figure 5.13. The temperature at the initial stage shows a 
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slight increase, due to the heat exchange with the working fluid as the heating fluid enters 
the heat exchanger. After a point when the heat transfer rate decreases, due to the high 
temperature of the working fluid, the temperature of the heating fluid starts rising 
gradually. As the cycle progresses, the temperature of the heating fluid experiences a 
much sharper drop in temperature, after which it rises more gradually towards the outlet. 
This is because initially the working fluid can absorb some of the thermal energy from 
the heating fluid, but as the mass of the working fluid within the tank decreases, its ability 
to absorb heat decreases. As expected the temperature of the heating fluid does not rise 
up to it initial value.  
 
Figure 5.13 - Laminar flow plot of  vs. . 
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The temperature distribution of the working fluid over the length of the heat 
exchanger for laminar flow, while keeping the rate of decrease of the working fluid flow 
rate within the exchanger constant, is shown in Figure 5.14. The temperature curves rise 
less steeply than for laminar flow, but the outlet temperature is almost the same. It can be 
observed that due to the turbulence, the temperature curve for the initial condition follows 
a similar trend as the temperature distribution when the cycle progresses.  
 
 




The temperature distribution of the wall over the length of the heat exchanger for 
laminar flow while keeping the rate of decrease of working fluid flow rate within the 
exchanger constant, is shown in Figure 5.15. The temperature profile follows a similar 
trend as for laminar flow, except that the values of the temperatures are lower and the rise 
in temperature is more gradual. There is a slight difference between the different curves 
at the inlet of the heat exchanger, due to the local heat transfer conditions. However, the 
curves reach a very similar value towards the outlet of the exchanger.  
 
 




Figure 5.16 shows the temperature distribution of the heating fluid, over the 
length of the heat exchanger for turbulent flow of both the working and heating fluids. As 
compared to the plot for laminar flow (Figure 5.12), the drop in temperature for the initial 
conditions is more apparent. Also, the turbulence causes the temperature to vary more 
gradually. The drop in temperature is slower, as with the subsequent rise in temperature. 
The turbulence also causes each curve to separate more and follow a distinct trend. 
Comparatively the curves for the laminar flow plot are much closer together.  
 
 




Figure 5.17 shows the variation of the temperature of the working fluid with time 
for different mass flow rates, with values of changed. If the heat transfer 
coefficient and the specific heat are assumed to remain constant then  depict 
the ratios of the heat transfer area to the mass flow rate. Figure 5.17 is generated by 
increasing the value of these ratios, one and a half times, from 6.0 to 9.0. This means that 
for the same mass flow rate the heat transfer area is increased. The effects of this change 
are clearly visible. The peak temperature is achieved faster, and for higher mass flow 
rates, there is no decrease in the temperature after reaching the peak. Instead, the 
temperature shows a further very gradual increase. For lower mass flow rates, the 
temperature decrease after reaching the peak is more gradual, due to enhanced heat 
transfer aided by the increase in the heat transfer area.  
These plots are important because it is essential for the peak power in the MHE to 
be attained as soon as possible and be maintained as long as possible. This plot also 
shows the usefulness of this model in optimizing the heat exchanger design. This plot 
will be a valuable aid to the heat exchanger designer in determining whether this can be 
achieved.  The designer can vary the mass flow rate, keeping the heat transfer area 
constant and check the effect of this change on the system. Alternatively the heat transfer 






Figure 5.17 - Laminar flow plot of  vs. . 
  
Figure 5.18 shows the plot of the variation of the temperature of the wall at the 
outlet with time for different mass flow rates, with values of changed. It can 
be observed that the larger heat transfer area enables higher temperatures to be achieved, 
and the decline in the wall temperature at the outlet with time is more gradual. Higher 
temperatures are also attained. For higher mass flow rates, the wall temperature at the 





Figure 5.18 - Laminar flow plot of  vs. . 
  
Figure 5.19 shows the variation of the temperature of the working fluid with time, 
for different mass flow rates and values of changed. The trends show the 
expected behaviour of the heating fluid. The steep drop of temperature in the heating 
fluid corresponds to a steep rise in the temperature of the working fluid. It can also be 
observed that the decline in temperature after the steep fall is more gradual, when 
compared with the previous cases. For higher flow rates, it can be observed that similar to 





Figure 5.19 - Laminar flow plot of  vs. . 
  
Figure 5.20 shows the variation of the temperature of the working fluid with time, 
for different mass flow rates and values of changed. Similar trends are 
exhibited by the fluid for turbulent flow, as previously for laminar flow. However, that 
the rise in temperature is more gradual, and the temperature peaks at a lower value. Also 
the peak is achieved later in the cycle. For lower mass flow rates, similar to the case of 
laminar flow, the drop is temperature is not as steep due to the enhanced heat transfer. 





Figure 5.20 - Turbulent flow plot of  vs. .  
 
Figure 5.21 shows the turbulent flow variation of the temperature of the wall at 
the outlet with time, for different mass flow rates with values of changed. 
The trend is similar to that shown by the laminar flow plot, except the response of the 





Figure 5.21 - Turbulent flow plot of  vs. . 
  
Figure 5.22 shows the case for turbulent flow, particularly the variation of 
temperature of the working fluid with time for different mass flow rates with values of 
and  changed. The temperature drops are more gradual, due to delayed response of 
the fluid, caused by the turbulence. The temperatures are lower at the outlet of the heat 





Figure 5.22 - Turbulent flow plot of  vs. . 
  
Figure 5.23 shows the temperature distribution of the working fluid over the 
length of the heat exchanger, with values of changed. As compared to the 
plot with the original ratio of heating surface area to mass flow rate, it can be observed 
that the rise in temperature is more rapid. This is due to the faster response of the working 
fluid, caused by the enhanced heat transfer area. Higher temperatures are obtained and 
the gap between the curves for the initial conditions and the curves when the operation 
has progressed is reduced. This shows that the increased surface area contributes to faster 




Figure 5.23-Laminar flow plot of  vs. . 
 
Figure 5.24 shows the temperature distribution of the wall, over the length of the 
heat exchanger, with values of changed. The temperature increase is more 
rapid than that of the plot for laminar flow. This is due to enhanced heat transfer, 
resulting from the higher heating surface area. It can also be observed that the increase in 
surface area allows all curves to follow nearly the same path. Thus the temperature 
distribution for the initial condition, and when the cycle progresses, is very similar. This 
will be helpful in minimizing problems during start up, such as temperature lag. It will 




Figure 5.24-Laminar flow plot of  vs. . 
  
Figure 5.25 shows the temperature distribution of the heating fluid over the length 
of the heat exchanger, with values of changed. As compared to Figure 5.15, it 
can be observed that the higher heating surface area causes the temperature to fall more 
steeply. The rise of temperature is also more rapid after it reaches the lowest point.  This 
will help the MHE to generate a higher output for the same heat input. Alternatively, any 
heat recovered in the heating fluid can be used downstream of the heat exchanger in 





Figure 5.25-Laminar flow plot of  vs. .  
 
Figure 5.26 shows the temperature distribution of the working fluid over the 
length of the heat exchanger, with values of changed. The temperature 
distribution of the fluid is similar to the case of laminar flow. However, the temperature 
of the fluid at the initial conditions is much closer to the temperature distribution when 
the cycle progresses, as compared to the case of laminar flow. The rise of temperature is 





Figure 5.26-Turbulent flow plot of  vs . 
 
Figure 5.27 shows the temperature distribution of the wall over the length of the 
heat exchanger, with values of changed. The temperature increase is 
observed to be slower than the results shown in Figure 5.23.  This can be attributed to the 





Figure 5.27-Turbulent flow plot of  vs.   
 
In Figure 5.28, the temperature distribution of the heating fluid over the length of 
the heat exchanger is shown with values of changed. Here the flow of both 
the heating and working fluid is assumed to be turbulent. As compared to Figure 5.24, it 
can be observed that turbulence causes the temperature distribution to have a more 
gradual decrease. The drop in temperature for the initial condition is more significant in 
this case. There is also a more gradual rise in the temperature of the fluid towards the 





Figure 5.28-Turbulent flow plot of  vs .  
 
An important requirement of any power generation system is that the power 
output should be steady. The power output of the current prototype of the MHE, starts to 
fall after the cycle has progressed for some time. This can be partly attributed to the 
occurrence of a temperature cross within the heat exchanger as shown in Figure 5.30. 
This phenomenon can also be inferred from Figure 5.13. As the mass of the working fluid 
within the heat exchanger decreases, its temperature increases. Since the mass flow rate 
and the inlet temperature of the heating fluid remains constant, its energy content does 
not increase. Therefore, at a certain point in the cycle, a temperature cross occurs within 
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the heat exchanger and the working fluid start transferring energy to the heating fluid. 
Thus, the power output of the MHE is not sustained over the duration of the cycle. A 
possible solution for this may be to increase the mass flow rate of the heating fluid so that 
the energy content of the heating fluid remains more than that of the working fluid. This 
will prevent the temperature cross from occurring and all energy of the working fluid can 
be utilized for power generation. Figure 5.29 shows the change in the effectiveness of the 
heat exchanger until the point where the temperature cross occurs. The thermal 
effectiveness is the ratio of the actual heat transfer to the maximum possible heat transfer 
between the heating and working fluids. Figure 5.30 shows the variation of the 
temperature difference between the temperatures of the heating fluid and working fluid.  
 
 




Figure 5.30 - Plot of (T*h – T*f) vs. t* . 
 
The performance of the heat exchanger will be influenced by operating 
parameters such as speed and load. The speed and load of a generator are inversely 
proportional to each other.  The speed of the generator determines the frequency with 
which the power is generated. Since the frequency is required to be maintained within a 
particular range, it is necessary to have a control mechanism that will regulate the mass 
flow rate of the working fluid. For example, when the load decreases, the speed will tend 
to increase, leading to a rise in the frequency. Therefore, in order to reduce the speed, the 
mass flow rate of the working fluid though the piston – cylinder has to be reduced. This 
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will result in an increase of the temperature of the working fluid within the heat 
exchanger. Therefore, the mass flow rate of the heating fluid must be reduced to prevent 
overheating of the working fluid. 
 The MHE has comparatively few moving parts. Therefore, it is less susceptible to 
breakdowns. As with any mechanical equipment, regular preventive maintenance must be 
carried out on the unit. Regular application of oil and grease on the bearings will be 
sufficient to ensure continuous operation of the unit. The heat transfer will be adversely 
affected by the formation of scales or any other deposits on the heat exchange surface. 
Therefore, scheduled chemical cleaning and flushing of the heat exchanger tanks to 
remove any deposits or scale must be done. Regular replacements of worn-out parts 
during scheduled stoppages will ensure that the unit will operate for its designed life 
span. Since the heat exchangers and working fluid piping will be subject to high 
pressures, a hydraulic test has to be performed at the time of installation, and examination 
of the welds such as radiographic examination, has to be conducted at regular intervals to 








CHAPTER 6 - CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE 
RESEARCH 
6.1 Conclusions 
In this thesis a new transient heat transfer model has been developed to predict the 
operation of the source heat exchanger in a Marnoch heat engine.  
• It has been found that the temperature of the working fluid rises steeply to a peak 
and afterwards starts a gradual fall over the duration of the cycle. This is 
consistent with the observed behaviour of the heat exchanger when the engine is 
operating.  
• The temperature distribution of the wall and heating fluid has also been predicted. 
The wall temperature decreases exponentially with time, and the temperature of 
the heating fluid falls sharply, and later falls more gradually over the duration of 
the cycle. The behaviour of the heat exchanger has also been modelled for 
turbulent flow of the working fluid.   
• It was found that the performance of the heat exchanger deteriorates as the flow 
becomes turbulent. Not only are the temperatures attained lower, but the peak 
temperature is also reached later in the cycle. Also it was found that the 
temperature response of the working fluid, wall and heating fluid becomes slower 
and the fluids and wall do not respond as quickly to fluctuations as when the flow 
is laminar.  
• The temperature distributions for the fluids and the wall over the length of the 
heat exchanger have also been analysed. The temperatures of the working fluid 
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and wall increase from inlet to outlet. The temperature of the heating fluid, 
however, drops initially as the fluid enters the heat exchanger due to heat transfer 
to the working fluid. However, as the fluid flows further through the heat 
exchanger, the temperature of the heating fluid increases gradually. This occurs 
because the ability of the working fluid to absorb heat decreases due to its reduced 
mass flow within the heat exchanger.  
• The effects of a larger heat transfer area for a particular rate of change of mass 
flow rate have also been studied. It was found that this increase leads to better 
performance of the heat exchanger. The temperatures are much higher and the 
peak temperature is obtained faster. This is a desirable effect, as the peak power is 
obtained when the temperature is maximum. 
• The model can be used for different working and heating fluids, and different 
materials of construction of the wall. The results of the model developed are also 
useful in predicting the trend of the power output of the heat engine. The power 
developed is in proportion to the temperature of the working fluid, since it is the 
thermal energy of the working fluid that is being converted to work output. 
Therefore, this model will help to predict when the peak power will be reached, 
and the duration that it can be maintained. It is also useful in predicting the effect 
of different parameters, such as the heating surface area, or properties of the 
working and heating fluids, on the power output.   
• The current prototype of the MHE cannot sustain the peak power output for an 
extended duration of time. This thesis explains the reason behind this. Due to the 
decrease in mass of the working fluid within the heat exchanger, and the constant 
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flow rate and temperature of the heating fluid, a temperature cross occurs within 
the heat exchanger. The working fluid utilizes a part of its energy to heat the 
heating fluid. This leads to a fall in the power output.   
6.2 Recommendations for future research 
The Marnoch Heat Engine is an ongoing project. Therefore based on the results of this 
thesis, recommendations for future research work are made.  
• The model developed is for parallel flow heat exchangers with a single tube and 
shell pass. However different configurations of heat exchangers may also be used 
in the Marnoch Heat Engine. A given application will need to be designed and 
built according to the heat exchanger configuration that yields the best results. 
Therefore, correction factors can be found for each flow arrangement, so that the 
model can be extended to predict the performance of any heat exchanger 
configuration.  
• The model can also be used when one phase of a fluid changes. For example, if 
the heating fluid is steam, this condenses to water. When there is a phase change 
of one of the fluids, the flow arrangement is immaterial. However, similar to the 
model developed by Naterer and Lam [17], the model can be extended to include 
varying convection coeffecients. This model can also be extended to include the 
variation of specific heat of the fluids and wall with temperature.  
• The temperature distribution of the heating fluid has been calculated using a 
global energy balance across the tube wall. A more accurate distribution can be 
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obtained if the temperature of the heating fluid is modelled similar to that of the 
working fluid.  
• The model can be used for different working and heating fluids, and the 
performance of the heat exchanger can be further improved. Therefore, a more 
effective working fluid, a more effective heating fluid and a different material of 
construction for the tubes can be found and used in the Marnoch Heat engine. 
These are all recommended topics for future research.   
• The model should be compared against experimental results. Currently a new 
larger scale prototype that can operate at pressures of 3.5 MPa is being developed. 
More instruments will be included in the new prototype, so that accurate readings 
can be obtained and the model can be compared to experimental results. 
• The results of the model can be extended to calculate the variation of pressure of 
the working fluid and the power output of the engine. Therefore, it will be 
possible to predict the power output of the machine at any given time in the cycle. 
Further work can also be done by extending the model and calculate the power 
output for different heat exchanger configurations and different working fluids.  
• Methods to prevent the temperature cross from occurring within the heat 
exchanger are recommended to be explored. One possible solution may be to 
increase the mass flow rate of the heating fluid as the mass of the working fluid 
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